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A nuclear-decay spectroscopy study of the neutron-deficient isotope 196At is reported where an isotopically
pure beam was produced using the selective Resonance Ionization Laser Ion Source and On-Line Isotope Mass
Separator (CERN). The fine-structure α decay of 196At allowed the low-energy excited states in the daughter
nucleus 192Bi to be investigated. A β-delayed fission study of 196At was also performed. A mixture of symmetric
and asymmetric fission-fragment mass distributions of the daughter isotope 196Po (populated by β decay of 196At)
was deduced based on the measured fission-fragment energies. A βDF probability PβDF(196At) = 9(1) × 10−5
was determined.
DOI: 10.1103/PhysRevC.94.034308
I. INTRODUCTION
The region of very neutron-deficient astatine isotopes
provides a rich variety of interesting nuclear structure and
decay phenomena. Shape coexistence at low excitation energy
[1] and expected (yet unobserved) occurrence of proton
emission in the lightest astatine isotopes are just two such
examples. Over the past two decades, extensive nuclear-decay
investigations have been performed for a long chain of the
lightest astatine isotopes, both by particle decay (see, e.g.,
Refs. [2–5]) and by γ -ray spectroscopy (see, e.g., [6–9]).
One of the most important conclusions from the previous
studies was the evidence for an onset of deformation at
low excitation energy, demonstrated, e.g., by the behavior
of excited states in 197–201At [6–9]. This is also corroborated
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by, e.g., the fact that, based on the α-decay systematics, the
ground states of 191,193At were interpreted as an intruder 1/2+
configuration [2], while the 1h9/2 proton is responsible for the
ground state of all heavier odd-A astatine isotopes. β-delayed
fission (βDF) is another interesting, albeit rare, phenomenon
in this region, which recently attracted a lot of experimental
and theoretical interest; see the recent review in Ref. [10] and
references therein.
This paper reports on a detailed α-decay and βDF study
of the neutron-deficient isotope 196At. This work extends our
recent α-decay spectroscopy and βDF investigations of 192At
[4,11] and 194At [5,11,12].
β-delayed fission in the neutron-deficient nuclei is a two-
step process in which a parent nucleus (A,Z) first undergoes
β+/EC decay, populating excited states in the daughter (A,Z-
1) nuclide. If these states lie close to or above the fission
barrier (Bf ) of the daughter nucleus, there is a probability
that the daughter nucleus will fission, in a competition with
γ decay; see Refs. [10,13] and references therein. In βDF,
the excitation energy of the daughter nucleus is limited by
the QEC of the precursor (E∗  QEC). Usually, QEC does not
exceed 9–12 MeV in the most neutron-deficient isotopes in
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FIG. 1. Calculated QEC(At) (solid circle and square symbols) and
Bf (Po) (open symbols) values from the FRDM/FRLDM [14,15] and
from the TF model [16]. The QEC values from AME2012 [17] are
shown by the solid triangles.
the lead region, where βDF is possible [10]. βDF is therefore
an important tool for studying low-energy fission (E∗ ∼ Bf )
of exotic nuclei that do not decay by spontaneous fission from
their ground state. An interesting application of βDF is the
possibility to estimate the fission-barrier heights of daughter
nuclei; see Ref. [13] and references therein.
Specifically for the astatine isotopes of our interest, the
plot of QEC(At) and Bf (Po) values is given in Fig. 1. We
note that neither the fission-barrier heights for the daughter
polonium isotopes nor the experimental masses (thus QEC
values) for some of these astatine isotopes are yet known.
Therefore, for the consistency of the discussion (see also
Ref. [10]) we prefer to use the calculated values, based on
the finite range droplet model/finite range liquid drop model
(FRDM/FRLDM) framework [14,15]. For comparison, the
calculated values from the Thomas-Fermi (TF) model [16]
and experimental (where known) or extrapolated QEC values
from AME2012 [17] are also shown. One notices that while
the calculated QEC values from both models agree quite well,
the respective estimates of the fission-barrier heights differ
by more than 1 MeV, with the TF values being consistently
lower in comparison with the FRDM/FRLDM model. As
an example, for βDF of 192At, a rather large and positive
energy difference of QEC(192At) − Bf (192Po) = 2.08 MeV
is predicted within the FRDM/FRLDM model, giving a
possibility of β-decay feeding to excited states well above
the fission barrier in the daughter 192Po. Even a larger QEC-Bf
difference is expected if one uses the TF model. In agreement
with these predictions, a large βDF probability, of the order
of 7%–35%, depending on a number of assumptions, was
deduced for 192At in a SHIP experiment at GSI; see details in
Ref. [11]. For 194At, the calculated FRDM/FRLDM estimate
is QEC(194At) − Bf (194Po) = −0.04 MeV, which is reflected
in a much smaller measured PβDF value of about 1% for
this isotope [11]. We note that again a larger difference of
TABLE I. A comparison of α-decay energies Eα , half-life values
T1/2, relative intensities Iα , and deduced reduced α-decay widths
δ2α (where reported) for 196At from our measurements and previous
results. Our measured half-life value for 196At is T1/2 = 371(5) ms
(see Sec. III B).
Eα T1/2 Iα Qα,tot δ
2
α Reference
(keV) (ms) (%) (keV) (keV)
7055(7) 300(100) [18]
7053(30) 320+220−90 [29]
7044(7) 390+270−120 [30]
7065(30) 253(9) [31]
7048(5) 388(7) [32]
7055(12) 389(54) [33]
7047(5) 350+50−40 [34]
7048(12) 350+290−110 27(2) [35]
7045(5) 350(90) 96(2) 29(8) [19]
6732(8) 4(2) 17(9) [19]
7053(5) 371(5) 97.8(1) 7200(5) 26(1) This work
6854(6) 365(167) 0.26(3) 7196(6)b 0.4(1)a This work
6746(5) 343(45) 1.80(6) 7202(5)b 6.1(3)a This work
6644(8) 413(637) 0.14(3) 1.2(3)a This work
aReduced widths were calculated by using the deduced half-life of
371(5) ms.
bThe f.s. Qα,tot values were calculated using the α-γ coincidences of
6854-200 and 6746-316 keV.
QEC(194At) − Bf (194Po) = 1.71 MeV is expected from the
TF model.
For the βDF of 196At, a value of QEC(196At) − Bf (196Po) =
−1.19 MeV can be obtained based on the FRDM/FRLDM
approach; thus, only a subbarrier fission of the daughter 196Po
should be expected in this model. Within the TF framework,
the QEC(196At) and Bf (196Po) are nearly the same; thus, also
only the subbarrier fission is expected within this model. Based
on these reasons, a smaller PβDF value is expected for 196At in
comparison with the lighter isotopes 192,194At.
Prior to the present work at the On-Line Isotope Mass
Separator (ISOLDE), almost all previous investigations pro-
duced 196At in complete fusion reactions with heavy ions.
This type of reaction resulted in the presence of other
neighboring isotopes, originating from different xn, pxn, and
αxn evaporation channels of these reactions.
First, identification of 196At was performed by Treytl
and Valli [18] using the complete fusion reactions
185Re(20Ne ,xn)205−xAt and 187Re(20Ne ,xn)207−xAt. Around
60 × 103 α counts of 196At were detected. A single α decay
with Eα = 7055(7) keV and a half-life of 0.3(1) s was
observed (see Table I). Several other studies, shown in Table I,
followed. We explicitly mention here only the recent study
by Kalaninova´ et al. [19], which, based on the observation
of several tens of events, reported two α-decay lines of 196At
with the energies of 7045(5) and 6732(8) keV, and a half-life
of 350(90) ms was deduced for this isotope.
The first βDF study of 196At was performed by Lazarev
et al. [20]. The authors used a fusion evaporation reaction
159Tb(40Ca ,3n)196At and a rotating drum system surrounded
by mica foil fission detectors. Owing to the use of an
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unselective technique, the source of the recorded fission
fragments could not be inferred directly. An apparent half-life
for the fission fragments of 0.23+0.05−0.03 s could be deduced,
which was in agreement with the half-life of the assumed
precursor nucleus 196At, which was known at that time.
Data from a number of irradiations with different projectile-
target combinations further established the candidate precursor
as 196At.
II. EXPERIMENTAL SETUP
A. Production of the 196At beam at RILIS+ ISOLDE
To study 196At in this work, two experiments were per-
formed at the ISOLDE facility [21] at CERN. Experiment
I utilized the High Resolution Separator (HRS) and Ex-
periment II used the General Purpose Separator (GPS). In
both experiments, the Resonance Ionization Laser Ion Source
(RILIS) was used [22] in conjunction with mass separation,
allowing samples of 196At of higher purity to be obtained in
comparison with the previous studies. Owing to much higher
α-decay statistics in our experiments (∼1.22 × 106 α decays
in Experiment I for all 196At peaks) and the use of high-purity
germanium (HPGe) detectors, we were able to identify for
the first time several α decays of 196At to excited states in
its daughter 192Bi (the so-called fine-structure, f.s., α decays,
Sec. III A) and to construct a more detailed α-decay scheme
for this nucleus. New information on the low-energy excited
states in the daughter isotope 192Bi was also derived. The α
decay and β-delayed fission of 196At were also studied in detail
in Experiment II at GPS (∼6.22 × 107 α decays in the main
196At peak), which is discussed in Sec. IV. Part of the βDF
data resulting from this study was recently published by Ghys
et al. [12].
Both experiments used the same experimental and analysis
techniques, differing only in the use of HRS or GPS. 196At
nuclei were produced in spallation reactions by impinging an
1.8-μA (on average) proton beam of 1.4 GeV from the CERN
Proton Synchrotron Booster on a thick 50 g/cm2, UCx target
of the HRS or GPS of ISOLDE. The proton beam structure
consisted of a series of 30–40 2-μs proton pulses (depending
on the runs), separated by a 1.2-s period and grouped together
in a so-called “supercycle.” After production in the target, the
neutral reaction products diffused to a hot cavity ion source
where the astatine isotopes were selectively ionized via a three-
step ionization path to the 1+ charge state using RILIS. The
astatine ionization scheme was recently developed in dedicated
experiments by Rothe et al. [23]. The selectively ionized ions
were extracted from the ion source, accelerated to energies of
30 keV, and mass separated with the HRS or GPS.
B. Detection system
For the sake of consistency of the discussion, only a short
description of the detection system is provided here; for further
details, see Refs. [24–27]. The decays of 196At and its daughter
products were observed using the windmill (WM) detector
system [24,27]. The mass-separated ions were implanted,
through an 8-mm-diameter hole of an annular silicon detector
(denoted further as Si1), into one of ten 20 μg/cm2 thick
carbon foils [28] mounted on a rotating wheel, approximately
6 mm behind the Si1 (the so-called “implantation position”
of the WM). The depleted layer of the annular detector has
a thickness of 300 μm and a 450 mm2 active area. A second
circular detector (Si2) with a depletion depth of 300 μm and an
active area of 300 mm2 was situated ∼4 mm behind the foil.
The two silicon detectors allowed measurements of twofold
coincident fission fragments, along with α particles and single
fission fragments. The detection efficiency for an α particle or
single fission fragment in either of the detectors was ∼51%.
For coincident fission fragments the detection efficiency was
∼16%. To detect conversion electrons, α particles, and fission
fragments, the electronics of the detectors were set to record
events with energy from ∼200 keV to 100 MeV. The necessity
of such a broad energy range resulted in a worse energy
resolution for theα particles, being in the range of ∼45–53 keV
full width at half maximum (FWHM) in both runs.
The measurements were performed in cycles, whereby the
implanted activity was first measured (also during implanta-
tion) at the “implantation position” for the duration of the
supercycle. After the end of the supercycle, the irradiated foil
was moved towards the so-called “decay position” situated
at 144° relative to the implantation position, simultaneously
introducing a new carbon foil at the irradiation position for
the fresh implantation. A pair of silicon detectors, Si3 and Si4,
were placed at the decay position, surrounding the carbon foil
in close geometry from both sides. They were used to measure
the remaining longer-lived daughter products. Both Si3 and
Si4 had the same energy range as Si1 and Si2.
While no Ge detectors were used in the Experiment II at
GPS, two HPGe detectors with relative efficiencies of 90%
and 70% were exploited for a part (∼30 min) of Experiment I
at HRS. They were placed as close as possible behind and to
the side of the windmill vacuum chamber and were efficiency
and energy calibrated using the standard calibration sources of
152Eu, 60Co, and 133Ba.
III. α DECAY OF 196At: RESULTS AND DISCUSSION
A. α- and α-γ -decay spectra
As mentioned in the Introduction, approximately 50 times
more α decays of 196At were collected in Experiment II at GPS
in comparison with the HRS experiment, but the quality of the
data and extracted information is very different. Namely, as
shown below, owing to the availability of HPGe detectors and
the much cleaner spectra obtained during the HRS experiment,
they were used in the first step of the data analysis for f.s.
α-decay studies and for the deduction of α- and β-decay
branching ratios for 196At. In the subsequent step, the more
abundant GPS data were used for βDF investigation.
Figures 2(a) and 2(b) show parts of the energy spectra mea-
sured in Si1 and Si2 for the GPS and HRS runs, respectively.
As seen in Fig. 2(a), during the GPS experiment there was mass
contamination from the heavier 197–201At isotopes (and some
Rn isotopes), which is seen via the presence of their α decays.
This is attributable to the lower GPS mass-resolving power
and, possibly, a nonoptimal GPS tuning in the Experiment
II. One can only see the “main” 7053-keV peak of 196At
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FIG. 2. (a) Part of the α-decay spectrum measured in the GPS
experiment and summed from the Si1 and Si2 detectors. The peaks
are marked with their energies (in keV) and the isotopes they belong
to. (b) The same for the HRS experiment, but only part of the data
collected during ∼30 min is shown, for which respective coincidence
α-γ data are also available and shown in panel (c); see text. (c) The
prompt α-γ coincidence plot for the α decays from (b), measured
within the time interval of T (α − γ )  600 ns.
(6.22 × 107 counts) with no f.s. α decays visible. In contrast
to this, owing to the higher resolving power of HRS and the
use of extra slits in the respective beam line of ISOLDE, these
contaminants are fully absent in the experiment at HRS; see
Fig. 2(b). As shown below, only α decays of 196At, and of
its daughter products, 192Bi (after α decay) and 196Po (after
β decay), are present. Approximately ∼1.02 × 105 counts are
observed in the 7053-keV peak of 196At in Fig. 2(b), which
shows only a subset of 30 min of data collection when the
HPGe detectors were connected. With full statistics the number
of counts observed in the HRS experiment in the 196At main
peak is 1.19 × 106.
Seven α-decay peaks are seen in Fig. 2(b), including the
known f.s. and main α decays of 196At at the energies of
6746(5) keV (reported as 6732(8) keV in study [19]) and
at 7053(5) keV (7045(5) keV in Ref. [19]), respectively.
As shown below, the two previously unobserved α decays
with the energies of 6644(8) and 6854(6) keV will be also
attributed to f.s. decay of 196At. Of the remaining three
peaks, those at 6063(5) and 6244(10) keV are attributable
to known α decay of 192Bi [tabulated energies of 6060(5) and
6245(5) keV respectively], produced after α decay of 196At,
and the 6521(5)-keV peak is attributable to 196Po [tabulated
energy value of 6521(5) keV] produced by the β decay of
196At.
Figure 2(c) shows prompt α-γ coincidences for α decays
from panel (b), within a 600-ns coincidence time interval.
The small number of events in the broad range of γ -ray
FIG. 3. Projections on the Eγ axis of the α-γ matrix, shown in
Fig. 2(c), obtained by gating on (a) the region “G1,” (b) the region
“G2,” (c) the region “G3,” and (d) the region “G4.” The γ -ray peaks
are labeled by their energies in keV.
energies in coincidence with the main 7053-keV peak of 196At
is considered as random. Four areas of interest are marked by
“G1”–“G4” in Fig. 2(c). The projections on the γ -energy axis
from these four regions are shown in Figs. 3(a)–3(d).
Figures 2(c) and 3(a) show the known coincidences between
the 6063(5)-keV α decay of 192Bi and the 184-keV E1 γ -ray
transition in the daughter 188Tl [36]; see decay scheme in
Fig. 4. As expected, no coincident events are seen for the
full-energy 6244(10)-keV α decay of 192Bi . By comparing the
number of 192Bi single α decays in Fig. 2(b) and coincident
6063-184-keV events in Fig. 3(a) the absolute γ -ray efficiency
at 184 keV was deduced as 10(1)%. This value was used to
normalize the γ -ray efficiency calibration curve produced with
the use of the standard γ -ray sources.
A weak, but well-established group of α(6854 keV)-
γ (199.9(1) keV) coincident events is seen in Fig. 2(c),
and in the respective projection in Fig. 3(d). It has a total
value Qα,tot = Qα(6854) + Eγ (200) = 7196(6) keV, which is
comparable, within the experimental uncertainty, to the value
of Qα = 7200(5) keV for the main 7053-keV α decay of 196At;
see Table I. On these grounds, the 6854-keV α decay was
assigned as feeding to the previously unknown excited state
at 200 keV above the low-spin state in 192Bi, as shown in the
decay scheme in Fig. 4.
Figure 3(b) shows the γ rays in coincidence with the
6746-keV f.s. α decay of 196At. The energies of coinci-
dent γ rays are 115.7(3), 185.4(2), 199.9(1), 221.1(4), and
316.1(13) keV. We use the rounded energy values further
in the text. The Qα,tot = 7202(5) keV for the 6746-316-keV
coincident events is in a good agreement with that for the
7053 keV decay (see Table I), which establishes an excited
state at 316 keV in 192Bi . We note that based on the observation
of the 6732(8)-keV f.s. α decay of 196At, the study by
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FIG. 4. Decay scheme of 196At deduced in this work. The yet-unobserved 188(8)-, 209(8)-, and 95-keV γ decays are shown by dashed
lines. For consistency of the discussion, the decay schemes of two isomeric states in the daughter isotope 192Bi are also shown, including
the tentative Iπ values and configuration assignments taken from Ref. [36]. Owing to the yet-unknown relative excitation energy of the two
α-decaying states in 192Bi, we presently denote them as “m1” and “m2.” The α-decay energies of 6060(5) and 6245(5) keV shown for 192Bim1
are also taken from Ref. [36] and are slightly different (within the experimental uncertainty) from the values of 6063(5) and 6244(10) keV
measured in this work and shown in Fig. 2; see the main text.
Kalaninova´ et al. [19] proposed the existence of the 320(10)-
keV excited state in 192Bi. However, owing to low statistics, no
respective γ rays were observed. The 6746-keV decay is also
observed in coincidence with the 200- and 116-keV γ rays,
whose energies sum up to exactly 316 keV. Therefore, we
placed the 116- and 200-keV transitions in a cascade parallel
to the 316-keV decay, with the 116-keV γ ray feeding the
200-keV state. It can be seen in Fig. 3(b) that the intensities
of the 116- and 200-keV γ rays strongly differ, which is
explained by the difference in their internal conversion, after
the small difference in the respective detection efficiencies was
accounted for; see further discussion and specific numbers of
α-γ coincidences in Sec. III D.
The presence of a weak 6644(8)-keV α decay in Fig. 2(b)
establishes a new excited state at 409(8) keV in 192Bi, but
no 6644-409(8)-keV α-γ coincidences were found in our
analysis. However, as seen from Fig. 3(c), the 6644-keV
decay is in coincidence with the 200- and 221-keV decays and
tentatively with the weak 152.5(8)-keV γ decay. The presence
of 6644-200- and 6644-221-keV coincidences requires the
existence of 209(8)- and 188(8)-keV transitions, which are
shown in Fig. 4 by dashed lines, as yet unobserved, probably
owing to low statistics. Importantly, the 221-keV γ -ray decay
is seen in coincidence with both the 6644- and the 6746-keV
f.s. α decays. This fact suggests that an excited state at
221 keV should be present in 192Bi, possibly deexciting
directly to the low-spin α-decaying state in this nucleus; see
tentative placement of this level in Fig. 4. The observation
of 6746-221 keV coincidences also requires the presence of
(yet-unobserved) 95-keV decay from the 316-keV state to the
221-keV state. The weak 185-keV decay was not yet placed
in the decay scheme of 196At → 192Bi. Table I shows the
calculated experimental intensities for the α-decay peaks of
196At, deduced from Fig. 2(b).
B. Half-life values of 196At and 196Po
The half-life of 196At was determined using the HRS
data only, as the GPS data contained strong contaminants,
especially in the region of the fine-structure decays. The
“grow-in and decay” method described in Ref. [25] was
implemented for the independent half-life determination of
the four α-decay transitions of 196At. As an example, Fig. 5
shows the time distribution for the 7053-keV decay, following
the implantation after two proton pulses separated by 1.2 s.
Based on the fit as described in the figure, a half-life value of
T1/2(196At) = 371(5) ms was deduced, which is more precise
than any of the previously deduced values; see Table I. Within
a rather large experimental uncertainty, the half-life values
for the three f.s. α decays are in agreement with each other
and also with the half-life for the main 7053-keV decay; see
Table I. Owing to the much lower intensities of the three
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FIG. 5. The time distribution for the 7053-keV α decay of
196At, following the implantation during two consecutive proton
pulses PP1 and PP2, separated by 1.2 s. The decay part of the
time distribution within the time interval of 37–41 s is fitted with
an exponential function (shown in red), resulting in a value of
T1/2(196At) = 371(5) ms. The fit started 1000 ms after the PP2 proton
beam impact, when the so-called ISOLDE “beam gate” was closed;
thus, no new activity was deposited anymore on the carbon foil. The
data from Si1 and Si2 are used.
fine-structure decays, the half-life of the strongest 7053-keV
196At peak was taken to be the overall half-life value of
T1/2(196At) = 371(5) ms.
The half-life of 196Po (being the daughter of 196At after
β+/EC decay) was also determined. As 196Po is known to
have a half-life of ∼6 s, the respective data from the 6521-
keV α decay in Si3 and Si4 detectors at the decay position
were utilized. As no beam implantation occurs at the site of
Si3/Si4 and owing to the relatively short half-life of the parent
196At, which totally decays either at the implantation position
or during the ∼0.8-s rotation of the WM wheel, the Si3/Si4
detectors only measure the decay of daughter products which
are left on the carbon foil. Therefore, an exponential function
was fitted to the curve as seen in Fig. 6, whereby the half-
life T1/2(196Po) = 5.75(12) s was deduced. This value is in
agreement with, but more precise than, the previous values of
5.5(5) s [37], 5.8(2) s [38], and 5.8(2) s [39].
C. α- and β-decay branching ratios of 196At
Owing to the purity of the 196At sample, the HRS data set
was used to determine the β- and α-decay branching ratios, bβ
and bα , of this isotope. In particular, the bα value was deduced
by comparing the number of α decays of 196At with the sum
of all decays of this isotope, according to
bα(196At) = Nα(
196At)
Nβ(196At) + Nα(196At) , (1)
where Nβ and Nα are the number of β and α decays of 196At,
respectively. The Nβ(196At) value cannot be measured directly
in our experiment, but it is equal to the total number of the
daughter 196Po nuclei, which is deduced from the number of
FIG. 6. Half-life determination of 196Po. The decay curve of the
6521-keV α decay of 196Po in Si3 and Si4 at the decay position of
the WM was fitted using an exponential (shown in red), resulting in a
value of T1/2(196Po) = 5.75(12) s. Note that the decay measurement
stops at ∼42 s, which corresponds to the length of the proton
synchrotron booster supercycle in this experiment, at which point
the WM moves again by introducing the newly irradiated foil from
the implantation position.
observed α decays of 196Po, according to
Nβ(196At) = N (196Po) = Nα(
196Po)
bα(196Po)
(2)
and by using the α-decay branching ratio bα(196Po) = 94(5)%
[39]. For the reader convenience, we refer to Fig. 2(b) with
respect to how the respective numbers of Nα(196Po) and
Nα(196At) were defined, while the full HRS data set was used
for the determination of final values.
However, two corrections for the Nα(196Po) number should
be implemented. First, the number of 196Po α decays had to
be corrected for a possible small direct production of 196Po
in the target, rather than as a daughter product of 196At. This
was done by comparing the α-decay spectra measured with the
lasers tuned on the ionization of astatine and with the resonant
transition laser blocked. With the laser blocked, no astatine
was present in the spectra, but a small number of α decays
of 196Po was evident, indicating its direct production in the
target by a surface ionization in the ion source. The amount of
directly produced 196Po was estimated as ∼0.43% of the total
196Po α decays measured in the HRS run and was subtracted
from the total number of counts in the 196Po peak.
The second correction accounts for the movement of the
windmill’s wheel at the end of each supercycle (∼42 s). Owing
to the relatively short half-life of 196At, it fully decays at the
implantation position, as the last implantation in the supercycle
always happened at least 1.2 s before the WM’s wheel
movement. In contrast to this, owing to the 5.75-s half-life
for 196Po, part of its decay happened both during the 0.8-s
WM’s wheel movement and also at the decay position, where
the α decays were measured by the Si3 and Si4 detectors. The
respective correction accounted for 2.3% of the total number
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of counts at the implantation and decay positions. As no recoil
can escape the foil after β decay, no respective corrections
were required.
After these corrections had been implemented, the experi-
mental branching ratios of bβ = 2.5(3)% and bα = 97.5(3)%
were deduced for the first time for 196At.
The previously reported estimate of bβ(196At) ∼4.9%
quoted in Ref. [40] was calculated from the QRPA β-decay
theory [41]. Despite being approximately a factor of 2 larger
than our experimental value, the previous estimate can be
considered as being in reasonable agreement with our data,
which also shows a quite good reliability of the model [41] for
this case.
D. Multipolarity of the 200-, 116-, and 316-keV γ rays in 192Bi
The γ -ray transitions that follow the f.s. α decay of 196At
are all prompt, which limits their multipolarity to E1, M1, or
E2. Based on the estimation of the total conversion coefficients
αtotal, we can deduce more precise multipolarity for the 200-,
116-, and 316-keV decays.
We start from the generic expression
Nα = Nαγ
εγ
(1 + αtot), (3)
where Nα is the number of α decays for a specific α line in the
singles spectrum in Fig. 2(b), Nαγ is the respective number of
α-γ coincidences observed in Fig. 2(c), εγ is the Ge detector
efficiency at a specific energy, and αtot is the total conversion
coefficient of the respective γ ray.
As shown in Fig. 4, the 316-keV level, which is fed by the
6746-keV decay, deexcites by a cascade of coincident 200-
and 116-keV transitions and also by a weak crossover 316-keV
decay. Based on the above, one can write the intensity balance
[see Eq. (4)] between the feeding 6746-keV α decay and
the subsequent deexcitation by accounting for the coincident
nature of 116- and 200-keV decays. The latter requires that
their intensities be the same after the γ -ray efficiency and
internal conversion corrections were implemented:
Nα(6746) = Nα(6746)γ (200)
εγ (200)
(1 + αtot(200))
+ Nα(6746)γ (316)
εγ (316)
(1 + αtot(316))
= Nα(6746)γ (116)
εγ (116)
(1 + αtot(116))
+ Nα(6746)γ (316)
εγ (316)
(1 + αtot(316)). (4)
As part of the intensity balance according to Eq. (4), one
also needs to reproduce the observed intensity of the Bi K
x rays in Fig. 3(b), which puts yet another constraint on the
possible multipolarities.
Therefore, to deduce the total conversion coefficients
(thus, multipolarities) and the possible mixing ratios for
the 116- and 200-keV γ rays, we used the number of
Nα(6746) = 1783(43) counts from Fig. 2(b), corrected for
the contribution of up to at most 8% (as shown below)
owing to the 6746-316-keV decay branch. Based on the
values of Nαγ (6746-200) = 88 cts and Nαγ (6746-116) = 23
cts taken from Fig. 3(b) and corrected for respective γ -ray
efficiencies, the total experimental conversion coefficients of
αtot(116) = 5.1(5) and αtot(200) = 0.9(1) were deduced. The
comparison with the calculated total conversion coefficients
from Ref. [42] [αtot(116,M1) = 6.68, αtot(116,E2) = 3.61,
αtot(200,M1) = 1.42, αtot(200,E2) = 0.45] suggests a mixed
M1 + E2 character for both 116- and 200-keV γ rays, with
the mixing ratios of 50(5)% for both of them. This, in turn,
defines the most likely multipolarity of E2 for the crossover
316-keV transition, which also determines that its contribution
to the balance in Eq. (4) does not exceed 8%. We also note
that the use of the deduced conversion coefficients allows us
to reproduce quite precisely the observed amount of Bi K x
rays in Fig. 3(b), which can also be considered as a proof of
the applied procedure.
Thus, the decay of the 316-keV excited state in 192Bi
proceeds via the competing 316-keV E2 and 116-keV
mixed M1 + E2 γ -ray transitions. A theoretical ratio of
I (116)/I (316) = 100 for the intensities of the 116- and
316-keV decays was deduced according to the Weisskopf
half-life estimates from Firestone [43] by accounting for the
50% M1 + E2 mixed character of the 116-keV transition.
As the 316-keV decay was assigned an E2 multipolarity,
the apparent difference between the observed (after all cor-
rections) intensity ratio of I (116)/I (316) ∼ 12 and expected
ratio of 100 could possibly be explained by the well-known
collective enhancement of E2 transitions in this region of
nuclei. However, this inference remains to be confirmed by
further studies.
E. Discussion of α decay of 196At
For the convenience of the discussion, Fig. 4 shows the
simplified α-decay schemes of both long-lived states in the
daughter 192Bi isotope, taken from Ref. [36]. The tentative
spin/parity and configuration assignment of both states in
192Bi, shown in Fig. 4, are based on the α-decay systematics;
see discussion in Ref. [36]. As shown by our data, the
observation of the 6063-184-keV α-γ coincidences clearly
confirms that only the presumed Iπ = (3+)α-decaying state
in 192Bi, resulting from the (πh9/2 ⊗ νp3/2) configuration,
is populated by the decay of the parent 196At. Based on the
unhindered nature of the main 7053-keV decay of 196At [δ2α =
26(1) keV], the same spin of Iπ = (3+) and configuration
of (πh9/2 ⊗ νp3/2) should be assigned to the ground state
of 196At, which was also proposed by the earlier studies,
e.g., [19]. The reduced α-decay widths shown in Fig. 4 were
calculated within the Rasmussen approach [44] by assuming
L = 0 α decays. Tentatively, based on the deduced γ -ray
multipolarities for the 116 (M1 + E2), 200 (M1 + E2), and
316 (E2) keV transitions, a spin/parity of 2+–4+ should be
proposed for the 200-keV state, and a range of spins 1+–5+
for the state at 316 keV. The specific choice for the latter
should, however, respect the deduced M1 + E2 multipolarity
assignment for the 116-keV decay.
To shed more light on the possible spin and configuration
assignments for the excited states in 192Bi, we consider the
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respective hindrance factors (HFs) for f.s. α decays feeding
to these states. The HF values for the f.s. α decays quoted
below were calculated as the ratio between their reduced
α-decay widths and the reduced width of the 7053-keV
α decay. The quite small reduced α-decay widths for the
f.s. 6644- and 6854-keV α decays indicate their hindered
nature, with the respective hindrance factors of ∼22(6) and
∼65(17) relative to the 7053-keV decay. Especially for the
6854-keV decay, its relatively large hindrance factor cannot
be explained only by the presumed small angular momentum
change of L = 2 between the (3+) parent and (2+/4+)
daughter state at 200 keV and would additionally require a
configuration change. However, the decay to the 316-keV
state has a relatively small hindrance factor of 4.3(3) if one
considers a L = 0 decay, which is close to the accepted
definition of unhindered decays (HF < 4). If one considered
a L = 2 decay (owing to deduced E2 multipolarity for the
316-keV transition), then even a smaller hindrance factor of
HF = 2.6(3) would be obtained. In any case, the 6746-keV
decay seems to lead to only a small configurational change
between the parent and daughter states. However, with the
presently available information on the hindrance factors and
multipolarities of the 116-, 200-, and 316-keV transitions, no
unambiguous information of the spin/parity for the 200-, 316-,
and 221-keV states in 192Bi can be deduced and we prefer to
refrain from further speculations.
IV. β-DELAYED FISSION OF 196At
A. Fission-fragment energy and mass spectra
The β-delayed fission of 196At(fission of 196Po after β+/EC
decay of 196At) has been observed in the experiments at
HRS and GPS, with 14 and 273 fission events found in the
respective data sets. Therefore, in the following only GPS
fission data are discussed. The energy spectrum of single
fission events observed at GPS in either the Si1 or the Si2
detector in the energy range 30–90 MeV is shown in Fig. 7.
FIG. 7. Calibrated energy spectrum of single fission events in the
β DF of 196At, measured in the detectors Si1 and Si2 during the GPS
run.
FIG. 8. Comparison of βDF data for 196At (left column, present
work) and for 180Tl (right column, data from Ref. [26]). (Top row)
The 2D energy distributions of coincident fission fragments in the two
silicon detectors. (Middle row) The total kinetic-energy distributions.
The red dashed line in the top two rows corresponds to respective
most probable TKE values of 196Po and 180Hg; see text. (Bottom row)
The FF mass distributions. The mass distributions shown by the black
lines are for all observed events, while those shown by the dot-dashed
green line and the dashed blue line correspond to events with the TKE
values below and above the most probable TKE values, respectively.
Among the 273 registered fission fragments there were 68
coincident events, whereby one fission fragment was measured
in Si1 and the other one in Si2. Only for these coincident
events can fission-fragment masses be deduced from the
measured fragment energies, following the well-accepted
Schmitt calibration method introduced in Refs. [45,46]. This
procedure accounts for the pulse-height defect of silicon
detectors when heavy ions are being measured. The calibration
procedure also involved measurements with separated fission
fragments in an experiment at the Lohengrin spectrometer at
ILL as described in Ref. [26]. This method was applied for our
recent βDF measurements for 178,180Tl, 194,196At, and 202Fr
[12,26,47].
The resulting fission-fragment (FF) energy, total kinetic
energy (TKE), and FF mass distribution spectra for βDF of
196At are shown in the top, middle, and bottom panels of the
left column of Fig. 8, respectively. For a comparison, the βDF
data for 180Tl from [12,26] is provided in the right column of
the same figure.
For consistency of discussion, we briefly remind the reader
of the main conclusions derived for the βDF of 180Tl, for which
approximately four times higher statistics were collected
than for 196At, including coincidence FF-γ -ray data. The
two-dimensional Si1-Si2 coincidence plot for βDF of 180Tl
in Fig. 8 (top right panel) shows two distinct clusters of points,
clearly demonstrating the asymmetric fission of the daughter
(after β+/EC decay) isotope 180Hg. The respective TKE plot
(middle right panel), showing a single Gaussian shape with
the most probable value of TKE(180Hg) = 133.2(14) MeV and
034308-8
β-DELAYED FISSION AND α DECAY OF . . . PHYSICAL REVIEW C 94, 034308 (2016)
FWHM of 15.0(9) MeV [26], proves that only one fission mode
is present in 180Hg in this case. The total FF mass distribution
(black line) in the bottom right panel for 180Hg clearly shows an
asymmetric distribution with the most probable heavy and light
FF masses of MH = 100(1) and ML = 80(1). To summarize,
all three plots clearly demonstrate that in the fission of 180Hg
(βDF of 180Tl) only a single (asymmetric) fission mode is
present.
A clear contrast can be seen between the βDF of 180Tl and
that of 196At. Whereas 180Tl data show two distinct clusters in
the 2D coincidence plot, a broad FF area is observed for 196At,
as seen in the top left panel of Fig. 8. Furthermore, instead of a
single Gaussian-like TKE distribution observed for 180Hg, the
TKE distribution for 196Po is much broader, suggesting that
fission does not occur via a single fission mode. Fitting this
whole broader distribution with a single Gaussian fit gives
the most probable value of TKE(196Po) = 147(1) MeV with
FWHM of 24.2(9) MeV. For further reference, the points in
the top row of Fig. 8 that have TKE values above and below
the respective most probable TKE values are shown by blue
and green, respectively.
The black solid line in the bottom left panel of Fig. 8 shows
that 196At has a triple-humped mass distribution, with the most
probable FF masses, deduced from the Gaussian fit, being
88(2), 98(2), and 108(2). Considering this information along
with the broader TKE distribution gives compelling evidence
that at least two distinct fission modes are present in the fission
of 196Po. The FF masses of ML = 88 and MH = 108 represent
the light and heavy peaks of the asymmetric mass distribution,
respectively, while the MS = 98 corresponds to the symmetric
mass distribution.
The difference in fission modes of 196Po can further be
investigated by deriving the mass distributions for events with
the TKE values above and below the most probable TKE.
The distributions for 180Hg and 196Po are shown by the blue
dotted lines and solid green lines lines in the bottom row of
Fig. 8. Importantly, both higher-TKE and lower-TKE mass
distributions have the same two-humped structure in case of
180Hg, which again confirms that only a single asymmetric
fission mode is present in this nuclide. In contrast to 180Hg,
the FF of 196Po with the higher TKE values, shown in blue,
demonstrates a dominant symmetric mass split. The mass
distribution of events with the lower TKE values, shown
in green, clearly have a “mixed” character, with different
intensity ratios for symmetric and asymmetric modes. A
small contribution of asymmetric mode to symmetric mass
distribution (and vice versa) in the two distributions is most
probably attributable to the imperfect selection procedure for
fission events, based on the most probable TKE value.
We note that the above-quoted FF mass values for 196Po
have been deduced by assuming no neutrons were emitted in
fission. The detailed analysis of the possible neutron emission
for the case of βDF of 180Hg, where ∼4 times higher statistics
were collected, including the measurements of γ rays [26],
showed that, at most, one neutron could be emitted in that
case. Therefore, we expect that the emission of neutrons in the
low-energy fission of 196Po should play a similarly weak role.
It was not possible to experimentally measure the Z values
of the fission fragments with the current setup. However, a
rough estimate of the most probable fission fragments can be
made if one applies the concept of the same neutron-to-proton
ratio N/Z ∼ 1.33 in the fissioning parent 196Po and in the final
fission fragments. Within this framework, the most probable
fission fragments in the asymmetric mode are lying in the
vicinity of 88Sr and 108Pd, while the most probable fission
fragments in the symmetric mass split should be in the vicinity
of 98Mo.
Recently, the potential energy surface (PES) for the fission
of 196Po was calculated by using the microscopic Hartree-
Fock-Bogoliubov (HFB) theory with D1S Gogny interaction;
see Fig. 2 of Ref. [48]. The PES shows a broad and flat
plateau with numerous weakly pronounced valleys and ridges,
not exceeding 1–2 MeV energy difference. As also discussed
in Ref. [12], such a pattern in the PES for 196Po, without
well-defined shell corrections, should lead to several fission
paths possibly giving rise to a mixture of symmetric and
asymmetric mass distributions, which is in agreement with our
experimental data. This work therefore extends the previous
studies of the multimodal fission [49] phenomenon in the
transactinides to the very neutron-deficient nuclei in the lead
region.
B. βDF probability of 196At
By definition, the probability of βDF can be calculated from
PβDF = NβDF(
196At)
Nβ(196At)
, (5)
where NβDF is the number of observed fission events and
Nβ(196At), defined in Eq. (2), is the total number of 196At
nuclei that decay by β decay, both properly corrected for the
difference in the respective detection efficiency for fission and
α decays. Only the GPS data are used for NβDF. However,
owing to the presence of contaminants in the 196Po region
for the GPS data in Fig. 2, the Nα(196Po) value could not be
directly estimated from GPS data. Therefore, a ratio of counts
in the 7053-keV 196At peak and in the 6521-keV 196Po peak
from the HRS run was first derived [see, e.g., Fig. 2(b)]. This
ratio was then used to estimate the number of 196Po α decays
in the GPS run based on the measured number of α decays of
196At in the same experiment.
Following the above procedure, a value of PβDF(196At) =
9(1) × 10−5 was deduced, which is much lower than the exper-
imental values for 192,194At. As mentioned in the Introduction,
this is indeed expected owing to larger (negative) QEC-Bf
values for 196At in comparison to the lighter astatine isotopes.
Presently, this is one of the most precisely determined PβDF
values and will be furthermore used within the framework
described in our study [13] to estimate the fission-barrier height
for the daughter 196Po.
V. CONCLUSIONS
We investigated the α-decay fine-structure and βDF prop-
erties of the neutron-deficient isotope 196At produced by
using the laser ionization and mass-separation techniques at
ISOLDE. By exploiting the purity of the 196At sample from
the HRS of ISOLDE and a sensitive detection system, which
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also included HPGe detectors, significantly improved data
were collected. In particular, several new excited states in the
daughter 192Bi were identified and multipolarities of γ rays
from their decay were deduced, which could be helpful for
further in-beam studies of this isotope. The systematics of the
βDF in the astatine chain was extended to 196At and includes
now three βDF isotopes 192,194,196At.
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